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Undoped and boron-doped amorphous silicon and amorphous 
silicon-germanium alloys have been deposited and post­
hydrogenated by using a two-source radio frequency (RF) 
excited argon plasma sputter-deposition system and a Kaufman 
ion-beam source respectively. The as-deposited materials had 
no bonded-hydrogen content detectable by infrared absorption 
and no photosensitivity. After ion-beam post-hydrogenation, 
the optical bandgap of the undoped amorphous silicon increased 
from about 1.5 eV to 1.7 eV, and the material became 
photosensitive with an photoconductivity of 7.6 x 1CT5 S/cm 
and a photo-to-dark conductivity ratio of 1.5 x 105. After 
ion-beam posthydrogenation, the conductivity of the boron- 
doped amorphous silicon material improved by more than two 
orders of magnitude.
This paper discusses the properties of these materials 
before and after ion-beam hydrogenation and the effects of the 
deposition and hydrogenation process parameters. The hydrogen 
depth profile in ion-beam hydrogenated a-Si:H and a-Si!_xGex:H 
is not uniform although uniform distribution of both silicon 
and germanium is observed. The initial hydrogen content is 
less than 1 at.% in the film. The effects of deeper hydrogen
iii
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penetration and higher total hydrogen content in the higher 
ion-beam energy case are also observed. The hydrogen contents 
are nearly independent of the X values, contrary to what is 
observed in a-Si^Ge^H prepared by other methods. Infrared 
absorption peaks between 890 and 840 cm-1, which would indicate 
silicon dihydride SiH2 bonds, are not observed; nor are 
absorption peaks between 825 and 7 65 cm-1 which would indicate 
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1.1 Brief Overview of Amorphous Semiconductors
Hydrogenated amorphous silicon (a-Si:H) and related 
alloys (e.g., a-Si^Gex: H) are at present the most extensively 
studied amorphous semiconducting materials. Two essentially 
different interests have motivated research efforts in 
hydrogenated amorphous silicon and its alloys. On the one hand 
is the promise of technological application. The interest in 
these materials is mainly due to their applications for large- 
area thin-film transistor arrays, solar cells, and a variety 
of other thin-film semiconductor devices. On the other hand is 
the understanding of the basic physical phenomena which are 
manifest in the special properties of these amorphous 
semiconductors.
There are two fundamental discoveries that have made 
possible the use of amorphous silicon as the base material for 
electronic devices. The first and probably the most important 
discovery is the incorporation of hydrogen or fluorine as a 
monovalent bond terminator that allows one to reduce the large 
defect densities of amorphous silicon. The second discovery
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which helped to make amorphous silicon suitable for device 
applications was reported by Spear and LeComber [1976]. They 
found that doping of a-Si:H can be achieved by adding 
phosphine (PH3) or diborane (B2H6) to the silane (SiH4) gas 
used for the glow discharge deposition (GD) . Since then, great 
progress has been made in the study of this material and its 
devices.
With the development of semiconductor materials, a number 
of amorphous-silicon-based alloys have been studied to meet 
the needs of certain applications. Hydrogenated amorphous 
silicon germanium (a-Si^Ge*: H) is one such alloy. It is 
expected to be a narrow-bandgap material for improving the 
long wavelength sensitivity of photoelectrical devices such as 
photo-receptors, photo-sensors and solar cells. For example, 
it is believed necessary to use a multi-junction configuration 
to achieve the highest possible energy conversion efficiency 
for amorphous silicon solar cells. Typical intrinsic a-Si:H 
material has an optical gap of 1.7 to 1.8 eV. For photons with 
energy below this optical gap, the optical absorption 
coefficient becomes very small. Since photons in much of the 
solar spectrum have energies below 1.7 eV, this portAXxn of 
sunlight cannot be transformed into electrical power by using 
pure amorphous silicon as the absorber in a photovoltaic
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device. The optical bandgap should be low enough to use the 
solar spectrum but high enough to yield a reasonably high open 
circuit voltage. The best candidate for the low energy gap 
layer appears to be an a-Si!_xGex:H alloy [Street et al. 1989].
Unfortunately, a-Si!_xGex:H which is deposited by glow 
discharge, reactive sputtering or photo-CVD has been found to 
have poor photoelectronic properties (reduced 
photoconductivity and photoluminescence) in comparison to a- 
Si:H. This is primarily because alloying Si with Ge leads to 
an increase in the density of gap states. The preferential 
attachment of the hydrogen terminator to Si rather than Ge has 
been reported [Morimoto et al. 1986] and may increase the 
density of dangling bonds. Moreover, it has been suggested 
that structural and compositional inhomogeneity appear in a- 
Si^Ge^H containing a high Ge content [Paul 1981], The 
photoelectronic properties deteriorate rapidly as the 
germanium content of the alloy exceeds 40% (corresponding to 
an optical band gap of approximately 1.5 eV) . The 
microstructure on a 5-10 nm scale is probably different for a- 
Si:H and a-Si!_xGex:H.
For glow-discharge and photo-CVD depositions, one of the 
difficulties in optimizing the deposition condition for a-Si^
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xGex:H is that the plasma parameter can not be optimized at the 
same time for both of the two process gases used. For example, 
if silane and germane gases are used, then normally the 
deposition condition is optimized for the silane discharge 
but not the germane discharge. This may contribute to the 
preferential attachment of hydrogen to silicon. Both glow 
discharge and photo-CVD are primarily "chemical" processes in 
nature. In contrast, ion-beam-hydrogenated rf-sputtered a-Si :H 
and a-Si^Gex with hydrogen introduced after deposition are 
the results of a "physical" processing. One advantage of this 
method is its capacity to control, independently of substrate 
temperature and other deposition parameters, the amount of 
hydrogen introduced in the film. This is especially useful in 
understanding of the roles hydrogen in a-Si:H and its alloys.
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1.2 Research Objectives
In order to overcome the above-mentioned poor properties 
of a-Si^Ge*:!! alloys, systematic experimental studies on 
electrical, photoelectrical and structural properties are 
considered to be an important first step. Moreover, it is 
clearly necessary to develop an improved method of depositing 
better a-Si^Gex:H. The research objectives of this project 
were as follows:
(1) To deposit samples using a two-source rf sputtering 
system under optimized sputtering conditions. The goal 
is to provide better control of the silicon and germanium 
compositions than glow-discharge methods.
(2) To optimize the two source rf sputtering conditions for 
unhydrogenated amorphous silicon-germanium (a-Si^Gex) .
(3) To explore the development of new types of alloying and 
doping materials for a-Si-based alloys.
(4) To use an ion beam to hydrogenate rf-sputtered a-Si and 
a-Si^xGexiH and compare the properties after ion-beam
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hydrogenation with those of similar hydrogenated 
materials prepared by other techniques.
(5) To investigate the electrical and photoelectrical 
properties of ion-beam hydrogenated a-Si and a-Si^Gex!H, 
such as optical bandgap, dark and photo conductivities, 
activation energy, IR absorption, midgap states and the 
Staebler-Wronski effect.
(6) To investigate the effects of varying H and Ge contents 
and the microstructure of a-Si and a-Sir_xGex:H prepared 
by the ion beam posthydrogenated rf sputtering method.
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2. REVIEW OF LITERATURE ON AMORPHOUS SILICON AND 
AMORPHOUS SI LI CON-GERMANIUM ALLOYS
2.1 Historical Development of Electronic Theory in Amorphous
Semiconductors
Historically, man has been working with amorphous 
materials for a long time. It is thought that glass was used 
as a decorative coating on clay beads as early as 4000 B.C. 
While mankind has benefitted from the glass technology that 
has developed over the millennia, science has only recently 
begun to investigate the physical and chemical properties of 
amorphous systems.
Amorphous materials can be distinguished from crystalline 
and polycrystalline materials in that there exists no long 
range transitional system involving hundreds of atoms, but 
there does exist a high degree of local atomic structure. A 
framework for describing the local atomic structure of 
amorphous materials has been developed. This framework 
establishes definitions of short range and intermediate range 
order upon which a particular materials system can be 
described. The short range order includes bond-lengths and the
T-3942
local site geometry which encompasses the local sites 
themselves, the nearest neighbors, and next-nearest neighbor 
atoms. Evidence for the existence of short range order is 
found in X-ray diffraction patterns where the presence of 
first and second peaks in the radial distribution function are 
clearly observed.
Because of the short-range order, amorphous solids can 
exist as metals, semiconductors, or insulators just as 
crystalline solids do. Amorphous silicon, amorphous germanium, 
and amorphous silicon-germanium alloys exist as semiconductors 
just as their crystalline counterparts do. Because traditional 
semiconductor band theory is so closely related to the 
existence of long range order, the very concept of an 
amorphous semiconductor seemed a contradiction in terms when 
scientists first reported such materials with semiconducting 
properties. The techniques used in solving the Schrodinger 
equation for electrons in a periodic lattice, where one takes 
advantage of the high degree of symmetry, are no longer 
applicable for electrons in a random lattice. So far there 
have been only approximate solutions to the problem of an 
electron in an extended random array of 1022 or 1023 atoms. 
Despite the absence of exact quantum mechanical solutions, one 
must remember that such solutions still exist. Hence, the
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concepts developed in quantum mechanics such as the density of 
nergy states and differences between localized and 
extendedstates of different energies are still valid concepts.
By 19 64 it had been firmly established that the amorphous 
chalcogenide glasses were semiconductors. In 1965, H. F. 
Sterling and R. G. Swann [1965] made a significant 
technological breakthrough by depositing amorphous silicon 
films using a glow discharge process. In this process a plasma 
serves to disassociate silane gas molecules into various 
silicon hydrogen species such as SiH, SiH2, and SiH3. If the 
density of silane molecules or the plasma power density is too 
high, these reactive species can polymerize to heavier mass 
species such as disilane or trisilane. Species from the 
plasma condense onto a substrate forming a thin film of 
amorphous silicon or hydrogenated amorphous silicon. The 
hydrogenated amorphous silicon films, like the chalcogenide 
glasses, are semiconductors.
Meanwhile, theorists were developing models for 
explaining the semiconducting properties of amorphous systems. 
P. W. Anderson [1958] was the first to realize that a 
Hamiltonian might have either extended or localized
T-3942 10
eigenstates for a disordered system. Anderson's model stated 
that there exists an "Anderson transition" between localized 
and extended states in amorphous semiconductors. Sir N. F. 
Mott [1967] developed a model with broad band tails in the 
electronic density of states near the valence and conduction 
bands. In general, he came to this conclusion by recognizing 
that the sharp band edges in crystalline semiconductors are a 
consequence of the long range order which does not exist in 
the amorphous materials. The width of these band tails is 
related to the disorder of the material. He further proposed 
that there exists some critical energy level below which 
allowed energy states are localized around some particular 
sites in the material and above which the allowed energy 
states are extended throughout the material.
M. H. Cohen, H. Fritzsche, and S. R. Ovshinsky [1969] 
extended this model. They proposed a model in which there were 
overlapping valence band and conduction band tails with the 
Fermi level in the center of the bandgap where the density of 
states is a maximum. The model established critical energies 
Ev in the valence band and Ec in the conduction band which 
separated localized energy states from extended energy states. 
Above Ec and below Ev, the energy states were extended while 
those states between Ev and Ec were localized.
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If one now considers the ramifications that this would 
have on carrier transport properties, one concludes that there 
would exist a "mobility gap" such that for energies between Ev 
and Ec the carrier mobility would be very low (the only 
carrier mechanism being hopping from one localized state to 
another) while for electrons with energy greater than Ec or 
holes with energy less than Ev the mobility would be 
considerably higher (the carrier behaving more as a free 
particle). This model was successful in explaining the 
majority of experimental data on amorphous semiconductors. 
The basics of the model have remained unchanged since 1969. 
With the improved amorphous materials that are being produced 
today (the density of states in the gap between Ec and Ev is 
as low as 1015 eV-1 cm'3 today compared to 1020 e V 1 cm"3 in 19 68) , 
the existing models for amorphous semiconductors must allow 
freedom for the Fermi level to move in the gap. It is 
important to be aware that this model for describing the 
behavior of amorphous semiconductors is only a model. It does 
not try to predict from the structural detail of the amorphous 
network the existence of band tails, critical energy levels 
between extended and localized states, or the resulting 
mobility gap. However, it does seem that, if a complete theory 
for amorphous semiconductors is to be developed, it must 
incorporate the features of the Cohen, Fritzsche, and
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Ovshinsky model.
W. G. Spear and P. G LeComber [1975] used a glow 
discharge process which mixed silane gas with either diborane 
or phosphine to successfully dope amorphous silicon. In 
crystalline silicon doping is accomplished by adding either 
phosphorous (n-type) or boron (p-type) to the crystalline 
network. The dopants bond with the same four-fold
coordination as the silicon atoms. Therefore, the phosphorous 
atoms having five valence electrons contribute four■electrons 
to meet the necessary bonding requirements with -the fifth 
electron remaining loosely bound to the phosphorous site. The 
additional electron can easily be excited away from this site 
and contribute to the conduction process. Similar arguments 
are made for the boron atoms which, having only three valence 
electrons, are unable to satisfy the four bonds. In this case 
there are missing electrons or "holes" in the valence band 
structure which contribute to the conduction process. In an 
amorphous silicon nework where there is no rigid requirement 
for four-fold coordination, the phosphorous atoms can bond 
with five-fold coordination and the boron with three-fold 
coordination. This would prohibit doping of the material. 
Early attempts to dope the amorphous silicon films showed no 
significant change in the electronic properties. The success
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of Spear and LeComber resulted from their ability to grow 
films with significantly reduced gap state densities [Spear 
and LeComber 1975]. In such films, the successful bonding of 
a few phosphorous or boron atoms with four-fold coordination 
produces extra carriers for the conduction process. In films 
with higher gap state densities, these electrons are trapped 




Amorphous materials made under different conditions have 
different composition, local bonding, and structure [Tsuo and 
Luft 1990] . However, since the semiconducting properties of 
amorphous materials are dependent on the short- and medium- 
range orders, deviations from such orders do cause 
degradations in material properties.
Amorphous silicon and its alloys need elements, such as 
hydrogen and fluorine, that form single-bonding alloys with 
silicon to relieve lattice strain and passivate dangling bonds 
[Knights 1979]. Defects in amorphous silicon-based alloys 
include both positional and compositional disorders. The lack 
of long-range order in a-Si and a-Si!_xGex inevitably causes 
distortions to the tetrahedral network. This "disorder" can 
be expressed in terms of bond angle and bond length deviations 
and it is responsible for the band tail states in the optical 
gap. Point defects, such as dangling bonds and impurities, 
cause deep states within the optical gap. These defect 
states, acting as traps and recombination centers, have strong 
effects on the electronic properties of the material. The 
microscopic structure on a scale of 10 nm down to the atomic 
level is generally referred to as the microstructure of the
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amorphous film. This concept of microstructure includes such 
aspects as the tetrahedral network, hydrogen bonding 
configurations (SiH, SiH2, SiH3, and polysilane ((SiH2)n) 
groups), columnar structure, heterostructure (islands and 
tissues), internal surfaces associated with microvoids, 
density fluctuations, bonded hydrogen distributions (clustered 
vs. dispersed), and unbonded hydrogen distributions (isolated 
and bulk molecular hydrogen, and molecular hydrogen in voids) 
[Tsuo and Luft 1990].
Certain aspects of the microstructure of hydrogenated 
amorphous silicon films are desirable and others are 
undesirable. For instance, we know that the following 
attributes of microstructure are associated with poor 
electronic material properties [Mackenzie et al. 1985] such as 
photoconductivity, photosensitivity, ESR spin density, and 
Urbach energy:
(1) columnar structure.
(2) heterostructure seen as islands and tissue of 
different density by transmission electron microscopy, 
especially for silicon-germanium alloys.
Aivn-ip< . vw ?  LE’BAflVpnr a  , - -v . ;iA
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(3) microvoids or density fluctuations.
(4) polyhydride bonding.
(5) clustered hydrogen.
Many of these attributes are interrelated, for instance, 
dihydride content and void fraction, clustered hydrogen and 
dihydride bonds, and clustered hydrogen and void fraction. 
Another aspect of poor structure is the presence of weak Si-Si 
bonds. For a-Si:H films from silane, strained or weak Si-Si 
bonds may constitute 6-8% of all Si-Si bonds. Breaking of 
such bonds in films as a result of environmental factors, such 
as high temperature and light, deteriorates film quality 
because of an increase in dangling bond density, and such bond 
breaking may be the cause for the light- and thermal-induced 
instabilities [Stutzmann and Tsai 1987].
In a-SiGe:H, the studies have shown that there is a 
preferential attachment of H atoms to Si sites [Paul 1981]. 
This result is explained by a chemical bonding model which 
presumes the most probable bonding sites for H atoms are those 
sites on which the bonding energy is largest. The energies of 
bonds for Si-H and Ge-H are in the order E(Si-H) > E(Ge-H).
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Some IR results are consistent with the observation of the 
generally poor electronic properties in this alloy with high 
Ge concentration (more than 30-40 at.%). The origin of the 
trapping and recombination sites in this alloy are then 
presumed to be dangling bonds of Ge atoms that have not been 
compensated by H attachment.
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2.3 Preparation Methods of a-SiGe:H
2.3.1 Glow Discharge (GD)
The first preparation of a-Si:H with good semiconducting 
properties was performed by the GD technique. This technique 
today is preeminent and leads to superior electronic 
properties. Several different types of GD deposition methods 
have been developed, such as separated plasma triode glow 
discharge, controlled plasma magnetron glow discharge, low- 
and high-frequency glow discharges, and periodic-etching- 
deposition glow discharge. Some of the best reported 
characteristics of a-SiGe:H by GD are listed in Table 2-1. 
Improvement of a-SiGe:H prepared from silane/germane/hydrogen 
by RF glow discharge has been attempted by using ultra-high- 
vacuum (UHV) (10“9 torr) deposition systems. Impurities in the 
resulting films were reduced: oxygen from 4*1019 to 1*1019,
nitrogen 8*1018 to 4*1017, and carbon from 4*1019 to 2*1018 
cm-3 as compared to films deposited by the same researcher in 
a conventional glow-discharge system [Tsuo and Luft 1990].
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Table 2-1. Optical bandgap, Photo- and Dark
Conductivities and Photosensitivity for a 








SiH4+GeH4+H2 1.50 1.0E-5 2.OE-8 5. 0E2
SiH4+GeH4+H2 1.41 1.5E-6 1.4E-10 1. 0E4
SiH4+Ge4 1.52 2.0E-5 4.5E-9 5. 0E3
S iH4+Ge4 1.45 1.5E-6 4.6E-9 3.0E2
SiH4+Ge4 1.50 5.OE-8 2.0E-10 2.5E2
SiH4+Ge4 1.50 2.0E-5 2.0E-9 1.0E4
T-3942 20
2.3.2 Photo-CVD
In photochemical vapor deposition (photo-CVD), 
ultraviolet photons are used as the primary energy source to 
dissociate the reactant gas. Since the photons usually don't 
have sufficient energy to ionize the process gas and there are 
no electrodes and no applied electric fields, ion bombardment 
damage of the resultant film is avoided. r Compared to glow- 
discharge, the cross contamination during deposition is 
reduced in photo-CVD due to the absence of ion bombardment of 
container walls and fixtures. Photo-CVD can be divided into 
sensitized and direct processes, the latter being achieved 
with either low-pressure vapor lamps or lasers as the energy 
source. The ultraviolet photons are normally generated by 
vapor lamps (Hg, Xe, Ar, Kr) external to the reactor chamber. 
Wavelengths are 184.9 and 253.7 nm for Hg, 147.0 nm for Xe, 
104.8 and 10 6.7 nm for Ar, and 123.6 for Kr. Mercury lamps 
are most commonly used since radiation from mercury lamps 
yields almost exclusively SiH3 from the silane in the primary 
reaction. The best a-SiGe:H material produced by photo-CVD 
having a 1.5 eV optical bandgap has: photoconductivity = 2*1O'4 
S/cm, dark conductivity = 2*10“10 S/cm, photosensitivity = 
2*104 [Sichanugrist et al. 1985]. Some typical a-SiGe:H 
properties by photo-CVD are listed in Table 2-2 [Luft 1988].
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Table -2. Optical bandgap, Photo- and Dark-
conductivities and Photosensitivity for a- 








SiH4+GeH4+H2 1.45 6.OE-6 1.5E-9 4 . 0E3
SiH4+GeH4+H2 1.50 1.0E-5 3.0E-9 3.3E3
SiH4+GeH4+H2 1.55 1.6E-4 8.0E-9 2.0E4
SiH4+GeH4+H2 1.50 5.0E-4 6.OE-8 8.3E3
SiH4Ge4 1.50 1.OE-7 2.0E-10 5.0E2
SiH4Ge4 1.55 6.0E-6 1.OE-8 6.0E2
SiH4Ge4 1.50 3.OE-8 1.2E-9 2.5E1
S iH4Ge4 1.50 2.OE-6 2.OE-9 1.0E3
SiH4Ge4 1.40 2.6E-5 1.4E-9 2. 0E4
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2.3.3 Reactive Sputtering Deposition
Reactive sputtering deposition (RSD) of a-SiGe:H has been 
investigated for years by several groups. The RSD method 
relies upon an electric discharge in an inert gas in the space 
between a substrate and an opposing target. The capacitive 
coupled diode system is commonly used. In this method, a high 
negative potential is used to accelerate inert gas ions toward 
the target. Physical sputtering of Si and Ge occurs upon inert 
gas impact, and some fraction of the sputtered Si and Ge 
condenses at the substrate to form a film. Hydrogen is 
simultaneously incorporated by admixing H2 in the plasma with 
Ar. The best a-SiGe:H material produced by RSD with a 1.4-eV 
optical bandgap has a photoconductivity about 10“7 S/cm and 
dark conductivity about 10"8 S/cm [Weisz et al. 1982]. Some
typical a-SiGe:H properties by RSD are listed in Table 2-3.
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Table 2 3. Optical bandgap. Photo- and
Conductivities and Photosensitivity 








Ar + H2 1.40 1.2E-7 1.2E-9 100
Ar + H2 1.45 7.3E-6 3.7E-8 198
Ar + H2 1.55 2.8E-8 2.0E-9 14




2.3.4 Other Deposition Methods
Although glow discharge deposition methods and photo-CVD 
methods have produced good-quality a-Si:H and its alloy films, 
they allow very little.control of the deposition process. The 
deposition parameters that can be used to deposit high-quality 
films are interrelated, and they lie in a narrow range. As a 
consequence, there have been very few improvements in solving 
the problems of a-Si-based alloy films. In addition, because 
of the complexity of the process, there are still many 
questions regarding the film growth mechanisms in glow 
discharge and photo-CVD. Consequently, many alternative 
deposition methods are currently being investigated to improve 
the quality of a-Si:H and related alloys, increase our 
understanding of the film growth mechanisms, and allow better 
control of film properties. The following alternative 
deposition methods have been used to fabricate a-Si-based 
alloys in recent years [Tsuo and Luft 1990]:
(1) Electron-Cyclotron-Resonance Microwave Remote- 
Plasma CVD
(2) Microwave-Excited Remote-Plasma CVD
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(3) Hydrogen-Radical-Enhanced CVD
(4) Thermally-Induced Chemical Vapor Deposition
(5) Spontaneous Chemical Vapor Deposition
(6) Physical Evaporation Deposition Methods
(7) Rehydrogenation and Posthydrogenation Methods
Recently it has been become evident that, if substantial 
improvement in the transport properties and structures of 
amorphous materials is to be accomplished, a better 
understanding of the physical and chemical processes involved 
in the material must be obtained. The work presented in this 
thesis is based on sputter deposition and posthydrogenation 
methods for information about the nature of these processes.
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3. EXPERIMENTAL PROCEDURES
3.1 RF Sputter Deposition
3.1.1 Substrate Preparation
In general, Corning 7059 glass substrates were used for 
experiments to determine the appropriate deposition 
conditions. The optical measurements in the near infrared and 
visible regions also required the Corning 7059 glass 
substrates. The optical measurements in the middle infrared 
region required resistive single crystalline silicon 
substrates for transmission measurements and either Corning 
7059 glass or single crystal silicon for reflection 
measurements. When a conductive substrate was needed, usually 
stainless steel or highly-doped crystal silicon wafers ( <
0.01 ohm-cm ) were used.
A. Corning 7059 glass substrates:
The Corning 7059 glass substrates had two sizes (1H X 
1/2" X 1/8" and 1" X 1" X 1/8") . Both sizes of the glass were 
used for the transmission measurements in the visible region
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and for electrical properties measurement. The cleaning steps 
were as follows:
1. Rinse with distilled water.
2. Rinse with TCE ( trichloroethylene ).
3. Rinse with acetone.
4. Rinse with methanol.
5. Rinse with distilled water
6. Immerse for a few seconds in 3-1-2 (HN03: CH3COOH: HF=3 :1: 2) .
7. Repeat steps 2, 3, 4, and 5 in order, keeping step 5 
slightly longer.
8. Blow dry with nitrogen gas making sure that the water 
adheres every where onto the glass. Then blow off uniformly 
with dry nitrogen gas. (If the water beads up onto the 
glass before blowing, then steps 1-7 should be repeated.)
B. Crystalline silicon substrates:
The crystal silicon wafers had thicknesses of 0.5 mm. 
They were cut into rectangular wafers 1" X 0.5". The high 
resistivity ( >1.0 ohm-cm) crystal silicon substrates were 
used for measurement of the hydrogen concentration and bonding 
structure by infrared absorption. The low resistivity ( < 0.01 
ohm-cm ) crystal silicon substrates were used for Secondary
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Ion Mass Spectroscopy (SIMS) measurements. The cleaning steps 
were as follows:
1. Rinse with distilled water.
2. Immerse in fresh 3-1-2 for a few seconds.
3. Rinse with distilled water.
4. Rinse with TCE.
5. Rinse with acetone.
6. Rinse with methanol.
7. Rinse with distilled water.
8. Blow with dry nitrogen gas, and check for uniform wetting 
in the case of the glass.
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Table 3-1. Substrates for the various measurements
Quantities measured Methods Substrates
absorption coefficient T % 7059 glass
<UV, Vis) -
reflection coefficient R % 7059 glass
hydrogen content IR and SIMS crystal silicon
structures IR crystal silicon
thickness Step Detector 7059 glass
electrical properties 7059 glass
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3.1.2 Sputtering System
All samples used in our experiments were initially 
deposited in a RF sputter deposition system (see Fig. 1.). 
The sputter deposition system had one deposition chamber, two 
spatially separated sputtering targets, two RF power sources, 
gas sources, pumping and pressure monitoring systems. During 
depositions, the substrates were rotated through the separate 
RF power sources. Ar was used as the sputtering gas source. A 
separate RF power sources was used for each target. The 
diameter of the targets was 38 mm, and the distance between 
the targets and the substrates was 50-100 mm. The system was 
pumped with a liquid-nitrogen-trapped diffusion pump and a 
mechanical pump.
A. The pumping subsystem
The pumping system consisted of a diffusion pump and a 
mechanical pump connected in series. The 6-inch diffusion pump 
used Dow Corning 704 diffusion pump oil and its pumping 
capacity was 2400 liters per second. The mechanical pump had 
a pumping capacity of 8.35 liter per second. The deposition 
pressures were controlled by balancing the flow of argon into 
the chamber with the pumping capability of the oil diffusion
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pump by adjusting the valves. A liquid nitrogen (LN) cold trap 
was used between the diffusion pump and the chamber. It could 
reduce the amount of oil that backstreams into the chamber. 
Pressures were read from four different pressure meters. Two 
ionization gauges, one in the chamber and the other just below 
the gate valve, were used for all high vacuum readings. The 
base pressures were typically around 2.5X10-6 Torr. A Pirani 
gauge, located in the chamber, was used during the actual 
deposition process when pressures were between 2.0 and 5.0*10~4 
Torr. There was also a thermocouple gauge in the foreline to 





Figure 1. Schematic diagram of the sputter deposition system
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B. The sputtering sources and the targets
The sputtering sources were Ion Tech. Ltd. B315 planar 
magnetron sources. These particular sources used a cobalt 
based permanent magnet to confine the plasma to an annular 
region above the target. This created large ion current 
densities that resulted in high deposition rates. The sources 
were water cooled to prevent overheating. Since the water in 
the cooling pipe was conductive and came in direct contact 
with the electrode portion of the source, the cooling system 
had to be carefully insulated. The best configuration was to 
run the water through a large length of coiled poly-flo tubing 
before allowing it to reach an electrical ground. The coiling 
acted as an rf choke. Any material that did not significantly 
alter the magnetic field of the source could be deposited in 
this system. The targets were circular, 38 mm in diameter and
3.0 mm thick. To prevent a stray plasma from forming in places 
other than directly above the targets, all surfaces in 
electrical contact with the electrode were be shielded. The 
distance between the conductor and the shield was small enough 
to prevent a plasma forming in the region and large enough to 
avoid a low impedance path to ground. This distance was about
3.0 mm.
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The deposition was achieved by igniting a plasma directly 
above the target and forming ions in the plasma-ionized 
sputter gas. The ions were accelerated and collided with the 
target material. The momentum transfer resulted in the release 
of target atoms (>95% neutral). These atoms traveled through 
the chamber and eventually came to rest on nearby and cool 
surfaces. The maximum power that could safely be sent to a 
single source was 400 watts. The two power supplies were from 
Plasma Therm Inc. One was model HFS 500E, 13.56 MHz, 500 watts 
maximum. The other was model HFS 1000E, 13.56 MHz, 1000 watts 
maximum. To ensure a minimum in reflected power, both rf 
signals were sent through their own impedance matching 
networks prior to reaching the sources. The matching networks 
consisted of two variable capacitors and a single inductor. 
The substrates were positioned above the targets for fast and 
uniform deposition. They were attached to a rotating plate by 
the holders. A small dc motor was used to control the rotation 
speed of the plate from 0.0 rotations per second (rps) to 4.0 
rps by varying the voltage across the motor. By varying the 
rotation speed of the plate and forward power to the sources, 
the deposition rate and compositional uniformity could be 
controlled. Before the deposition, the inside of the bell jar 
was lined with mylar to make it easy to clean the system.
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Figure 2. Schematic diagram of power sources and targets, see 
next page for description
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Identification of components in Figure 2.
1. DC motor:
The DC motor was used to control the rotation speed of 
the plate from 0.0 rotations per second (rps) to 4.0 rps 
by varying the voltage across the motor.
2. Substrate holder:
The position of substrates on the rotation holder could 
be adjusted relative to the sputtering sources.
3. Substrates:
The substrates were positioned above the targets for fast 
and uniform deposition.
4. Shutter:
The shutter was opened or closed before and after the 
deposition.
5. Targets:
The targets were circular, 38 mm in diameter and 3.0 mm 
thick.
6. Power source #1:
Power source #1 was used for the silicon target. This 
particular source used a cobalt based permanent magnet to 
confine the plasma to an annular region above the target. 
This created large ion current densities that resulted in 
high deposition rates. The source was water-cooled to
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prevent overheating.
7. Power source #2:
Power source #2 was used for the germanium target or 
doping targets. It had the same properties as power 
source #1.
8. DC motor controller.
9. Matching network for power source #1.
10. Power supply for power source #1:
This was model HFS 1000E, 13.56 MHz, 1000 watts maximum.
11. Matching network for power source #2.
12. Power supply for power source #2:
This was model HFS 500E, 13.56 MHz, 500 watts maximum.
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3.1.3. Sputtering Deposition Parameters
The properties of the films deposited by this sputtering 
system were dependent upon such parameters as the power of 
each power source, substrate rotation speed, sputtering gas 
pressure, and the target material. During deposition, the 
substrates were rotated over the separate RF power sources. 
The Ar gas pressure was maintained between 2 and 5 mTorr. Two 
RF power sources were need to deliver up to 100 W each to the 
targets. The distance between the targets and the substrates 
was 3.5-6.5 cm. The deposition rate was between 0.1 and 0.7 
A / s .  Before deposition, the entire system was pre-pumped to 
about 1 x 10“6 Torr with a liquid-nitrogen-trapped diffusion 
pump. Typical deposition conditions for the samples used in 
this study are shown in Table 3-2.
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All hydrogen implantation experiments were carried out in 
a Commonwealth Scientific Corporation model IV Kaufman ion- 
beam system (see Fig. 3) , equipped with a turbomolecular pump 
and a mechanical pump connected in series. The base vacuum 
pressure for the system was about 2 x 10-6 Torr before the 
system was backfilled with hydrogen gas (99.9999%) to a 
pressure of about 6 x 10-4 Torr. The 4-in.-diam. Kaufman ion 
source was equipped with a stainless-steel grid assembly and 
was capable of producing an ion beam with up to 2000 eV ion 
energy. The 3-in.-diam., rotating, water-cooled sample stage 
was equipped with a heater that was capable of heating the 
sample to 500°C during hydrogenation. The sample stage was 
held with its surface perpendicular to the beam direction. 
Samples were mounted with silver paint to a 3-in.-diam. 
silicon wafer clamped to the stage. The silicon wafer reduced 
the possibility of contamination of the samples by sputtering, 
and the silver paint provided good electrical and thermal 
contacts between the wafer and the a-Si samples.
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The Commonwealth Scientific Corporation's Mollatron ion 
beam source was an electromagnet type of the Kaufman design. 
A hot filament was used as a source of electrons to ionize the 
source gas and establish the basic plasma. This plasma was 
confined within the volume enclosed by the circular anode and 
the solid rear cathode and the front cathode grid. The 
positive ions were accelerated out of the gun by applying a 
voltage to bias the plasma positively with respect to the 
grounded vacuum chamber. To utilize the accelerated ions a 
grounded stage to hold a specimen, such as a microcircuit 
wafer, was placed in the vacuum chamber. To assist in the 
ionization process, a weak magnetic field was established with 
longitudinal flux lines. This caused the electrons to travel 
a spiral path from the hot filament toward the anode. This 
lengthened their path and increased their chances of colliding 
with a source gas ion. When the positive ions struck the 
sample, the ions implanted into the sample or a transfer of 
energy caused atoms and molecules to escape from the surface 
of the sample. If the sample was a non-conductor, such as a-Si 
on glass, accumulation of positive charges could occurred. To 
neutralize this charge build-up, a source of electrons was 
supplied by a hot filament located in the ion stream external 
to the plasma enclosure. Electrons were discouraged from 
entering the positive plasma by the negative bias on the
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extractor grid. A separate positive bias was also applied to 
the specimen holding stage and the neutralizer filaments to 




Figure 3. Ion beam system
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A. Ion Beam Gun
The ion beam gun (see Fig. 4) consisted of a cylindrical 
anode insulated from the mounting flange and the rear cathode 
plates. The hot filament feedthroughs were mounted on a 
removable plate. The ion source mounting flange provided the 
mounting surface for the ion extraction grid assembly. The 
electromagnet spool was mounted to the mounting flange with 
spaces which provided a gap for cooling air flow. The cooling 
air fan was mounted on the rear end cover. This cover also 
retains the stainless steel cover cylinder. Electrical 
connections were made at the rear of the ion source and on the 
front mounting flange and to the neutralizer feedthrus located 
in the vacuum system. The ion source gas was connected to the 
tubing connector mounted on the rear end cover.
The hot cathode filament was the first important part of 
the ion beam gun. As the source of electrons needed to 
establish a plasma type glow discharge from which ions were 
extracted, the tungsten filaments were subjected to wear. 
There were three filaments in the gun, any one of which could 
be selected externally during operation of the system.
The ion beam gun grids were another important part of the
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gun. The two grids in the gun were fabricated as a matched 
pair so that their alignment was easily achieved. The cathode 
grid was located closest to the plasma in the gun to attract 
the positively charged ions. The voltage difference between 
the cathode and stage determined the energy level of the ions. 
To further accelerate and guide the ions, the extractor grid 
was biased negatively. These two grids were spaced 
approximately 0.05-0.08 inches apart and were shaped to 
enhance the current density profile for specific applications. 
The extractor grid showed more evidence of wear since as the 
ions pass through the cathode, they gain energy and do more 
damage to the extractor grid. The grids were made of 0.03-inch 
thick stainless steel.
The tungsten neutralizer filaments were set close to the 
grids for the case of non-conductor samples, such as a-Si on 
glass. To neutralize this charge build-up, a source of 
electrons was supplied by a hot filament located in the ion 
stream external to the plasma enclosure.
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gure 4. The ion beam gun
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9. Ion beam gun grids.
10. Sample stage.
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B. Water cooled rotating stage
The stage had a rotating drive and was equipped for 
manual translation. The wafer holder was made of copper and 
attached with vacuum oil to a 3 inch diameter copper heat 
exchanger. The stage was attached to a stem driven by a chain 
to provide rotatory motion to the stage. Cooled water was 
circulated through the heat exchanger to remove the heat 
transmitted from the back side of the wafer to the plate. To 
lubricate the wafer holder and heat exchanger, a high grade 
vacuum oil was used. This also provided a good heat transfer 
medium. A thermal model showed that the largest temperature 
differential components occured between the backside of the 
wafer and the topside of the copper planet. If this interface 
was left as a vacuum barrier without enhanced conduction 
points, then heat transfer occurred mostly by radiation. The 
surface temperature of the stage was a parameter which 
determined the allowable current density and hydrogen 
distribution in the samples. Therefore, the samples were 
mounted with silver paint to a 3-in.-diam. silicon wafer 
clamped to the stage. The silicon wafer reduced the 
possibility of contamination of the samples by sputtering, and 
the silver paint provided good electrical and thermal contacts 
between the wafer and the a-Si samples.
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9. DC motor for driving the rotation stage.
10. Power supply for the heater.
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3.2.2 Hydrogenation Parameters
The independently controllable parameters in the ion 
implantation included the ion-beam energy (Eb) , the ion-beam 
current density (Jb) , hydrogen pressure, and the ion 
bombardment time (t) . The samples were heated to 200°C by the 
stage heater during hydrogenation. Typical ion-beam 
hydrogenation conditions are shown in Table 3-2.
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Table 3-3. Typical ion-beam hydrogenation conditions
Ion-Beam Ion-Beam Hydrogen Substrate Treatment
Energy Current pressure Temperature Time
Density
(eV) (mA/cm2) (Torr) (°C) (min)
600-1900 0i—i100o 6-9 x 10"4 200-300 30-120
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3.3 Film Character!zations
Various characterization studies were made on the a-Si:H, 
a-Ge:H and a-Si^Gex films. These characterizations were used 
to correlate changes in deposition conditions with observed 
changes in the chemical and electronic properties. Changes in 
the film chemistry were monitored occasionally through 
secondary ion mass spectroscopy (SIMS) but principally with 
infrared (IR) spectroscopy. The SIMS measurements yielded 
important information about the chemical constituents in the 
films while the IR measurements yielded information about the 
nature of the H bonding to the silicon and germanium atoms. To 
monitor changes in the electronic properties, optical 
absorption data from 400 to 2400 nm were used to extract 
optical band gap (Eg) data/ dark conductivity (ad) measurements 
as a function of temperature were used to extract Fermi level 
(Ef) positions in the gaps; and photoconductivity (aj data 
were used as a measure of the electronic transport properties 
and to determine the photosensitivity (Oi/Od) .
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3.3.1 Infrared (IR) Measurements
IR measurements on the films were made using a Perkin- 
Elmer Model 580 Spectrophotometer operating in a double beam 
transmission mode. The instrument was ratio recording where 
the radiation from a heated ceramic tube was split into 
reference and sample beams which both transverse the same 
optics before being focused on a thermocouple detector. The 
beams were chopped to allow the detector electronics to 
distinguish between the sample and reference beams. A purge 
unit removed water vapor and carbon dioxide inside the optics 
compartment by recycling the air through a molecular sieve. 
This minimized atmospheric absorption in the IR spectra. The 
Model 580 was interfaced to a Perkin-Elmer Data Station 
facilitating data reduction and analysis. The samples were 
positioned and mounted on an aluminum plate in which there was 
an aperture to allow light being transmitted through the film 
and underlying crystalline silicon substrate to pass through 
a monochromator and on to a thermocouple. Because the aluminum 
plate blocked a portion of the sample beam, it was necessary 
to reset the instrument's 0 and 100% transmission levels with 
only the aluminum plate (no sample mounted) in the sample 
beam. After this had been done, the transmission data values 
were actual, not modified by some scale factor related to how
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much of the sample beam was blocked by the aluminum plate. The 
crystalline silicon substrate provided a good window material 
with approximately 50% of the incident light intensity being 
transmitted in the spectral region from 4000 to 200 cm-1 (2.5 
to 50 fim) . It had absorption bands at 1100 cm-1 due to Si-0 
vibrations and at 610 cm'1, 740 cm'1, etc. due to lattice
phonons. To remove these features from the transmission 
spectra of the amorphous films, it was necessary to have two 
wafers with identical thickness and oxygen content. One wafer 
became the substrate for film deposition while the other was 
used as a reference wafer by which the strengths of the Si-0 
and phono vibrations could be gauged. To obtain identical 
substrates and reference thickness, each purchased silicon 
wafer was broken into several pieces and one of them was 
chosen as a reference.
For silicon monohydride bonding, Si-H, there were two 
features in the IR spectra corresponding to a bond stretching 
mode at 2 000 cm-1 and a bond bending mode at 630 cm-1, (see 
Figure 6) . There were also hydrogen atoms incorporated in 
either isolated silicon dihydride, SiH2, or polymerized 
silicon dihydride, (SiH2)n, groups. While the bond stretching 
frequencies of these two groups were close, SiH2 at 2090 cm-1 
and (SiH2)n at 2100 cm-1, these could be distinguished by
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looking in the spectral region between 900 and 800 cm-1. If 
there was only one absorption band at 875 cm"1 (the SiH2 
"scissors" mode, (see Figure 6), then the hydrogen had been 
incorporated in isolated groups. Polymerized hydrogen bonding 
would have produced doublet absorption at 890 and 845 cm"1, the 
(SiH2)n "scissors" and "wagging" mode, respectively. All three 
Si-H groups contributed to the band at 630 cm"1 through bond- 
bending vibrations [Lucovsky and Hayes 1979].
The vibrational modes for Ge-H groups were analogous to 
those in the Si-H assignments, (see Figure 7) . Only two 
features represented germanium monohydride bonding, Ge-H. 
Isolated germanium dihydride groups, GeH2, showed only one 
absorption band between 850 and 750 cm"1 while polymerized 
germanium dihydride bonding groups, (GeH2)n, showed doublet 
absorptions in that region. The complete assignments of the 
vibrational modes are shown in Figure 7.
The IR spectra of the alloys were then some combination 
of the Si-H and Ge-H modes. As can be seen from Figure 6 and 
7, there was a considerable overlap of the Si-H and Ge-H 
modes. The resolution of separate Si-H and Ge-H absorption 
bands in the alloy spectra was very difficult. The separate 
area of Si-H and Ge-H absorption bands can be determined by
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comparing the shape found in a-Si:H and a-Ge:H samples 
[Lucovsky and Pollard 1984]
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Figure 6. Infrared vibrational assignments for Si-H groups.
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Figure 7. Infrared vibrational assignments for Ge-H groups
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3.3.2 Optical Absorption Measurements
Optical absorption measurements were made by using a UV- 
VIS spectrophotometer operating in a double beam absorption 
mode. The instrument used the ratio of the light intensity 
transmitted through the sample to the light intensity 
transmitted through the reference to determine the sample 
absorption. In this instrument the light emitted from a D2 
lamp (413 to 878 nm) or WI lamp (878 to 2480 nm) passed 
through a double grating monochromator and was split into a 
sample and a reference beam. After passing the sample and 
reference compartments, the beams focused onto a 
photomultiplier or PBS cell. The beams were chopped to allow 
the detectors to distinguish between the sample and reference 
beams. The samples were positioned and mounted on a holder 
which contained an aperture to allow the monochromatic light 
to be transmitted through the film and underlying substrate 
onto the detectors. To account for that portion of light that 
was blocked by the holder and that portion of light that was 
reflected by the substrate, the zero absorption level over the 
entire scan range was set with the holder and the substrate in 
the sample beam. Interference patterns existed due to multiple 
reflections between the film-substrate and film-air interface. 
The average absorption values in this region were used. As in
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the case of homogenous materials which absorb light, the light 
intensity (I) in the film was determined by the well known 
formula: I (d) =I0exp (-ad) where a is the absorption
coefficient. The optical band gap Eg was obtained by a linear 
extrapolation of a plot of (ahv)1/2 vs hv. Because of the 
complexity in defining the band gap in an amorphous material, 
this method of determining a band gap should be viewed as an 
operational definition [Tauc et al. 1966].
3.3.3 Electrical Measurements
Ohmic contacts to the films were made using silver paint 
with width 1 mm and length 10 mm. The dark conductivity (Gd) 
measurements were taken at room temperature and as a function 
of temperature. By taking ad measurements as a function of 
temperature we could determine the dark conductivity 
activation energy (Ea) and the preexponential factor a0 in the 
formula a = a0 exp(-Ea/kT) .
The photoconductivities were measured using a ELH lamp 
with an intensity of 100 mW/cm2. A fixed voltage could be 
applied and the resulting current measured using the same 
electrodes as in the case of the dark conductivity 
measurements.
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Light soaking was performed by simply exposing the sample 
to 100 mW/cm2 white light at room temperature for extended 
periods of time.
3.3.4 Other Measurements
Other measurements were necessary to characterize the 
films. The sample thicknesses were determined using a step 
surface profile measuring system. This instrument used a 
diamond stylus which traced horizontally across a substrate. 
Changes in the vertical position of the stylus were converted 
into an electrical signal via a differential transformer. 
Sample thicknesses ranged from 0.01 to 10.00 |Um. SIMS 
measurements were performed by Dr. S. Asher at the Solar 
Energy Research Institute.
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4. RESULTS AND DISCUSSION
4.1 Deposition Rates and Uniformity of Films
For a given target material both rate and uniformity were 
influenced by system geometry, target voltage, sputtering gas, 
gas pressure, and power. All other things being equal, the 
rate was almost linearly proportional to power and decreased 
with increasing target substrate separation. The sputtering 
gas influenced deposition rate in a different way. As the gas 
pressure was increased the discharge current increases 
(increasing rate), but return of material to the target by 
back scattering also increased (decreasing rate). The sum of 
these two opposite effects led to a small range of gas 
pressure at which the rate was a maximum. The uniformity was 
mainly controlled by matching the power, target-substrate 
separation distance and substrate rotation speed.
Among these parameters, the amount of power density 
sent to each target (co) was the most important factor which 
affected the deposition rate (R). There were two targets in 
the reaction chamber, one was for silicon target and the other 
was for germanium. Figure 8 shows the deposition rate for the 
silicon target (Ra) as a function of the forward power density
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sent to the silicon target (0)a) and the deposition rate for 
the germanium target (R*,) as a function of the forward power 
density sent to the germanium target (CDb ) . For the data shown 
in figure 8, the other parameters were controlled at constent 
conditions. The sputtering gas (Ar) pressure (Pat) was at 2.0 
mTorr. The separation distance(d) between the target and 
substrate was 4.5 cm. The rotation speed (r) was 2.0 rotation 
per second. As shown in figure 8, the plot of the deposition 
rates Ra and Rb versus power densities coa and Ol̂  formed almost 
straight lines between the power density range 6.0 and 10.0 
W/cm2. If the power density was lower than 6.0 W/cm2, the RF 
plasma could not be generated under the sputtering gas 
pressure used. Figure 8 shows that the silicon deposition rate 
was higher than the germanium deposition rate under the same 
conditions for the different targets. This was caused by a 
difference in the sputtering head geometry. The geometry of 
the sputtering head strongly affects the sputtering yields.
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Figure 8 Deposition rate vs RF power density
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Figure 9 shows that deposition rate and uniformity depended on 
the target-substrate separation (d) . As d increased from 35 mm 
to 45 mm, the deposition rate decreased from about 7 A /  sec to 
about 6 A /  sec. But uniformity became better as d was 
increased. For both cases, the RF power density was 9.0 W/cm2, 
the sputtering gas (Ar) pressure (PAr) was at 2.0 mTorr, and 
the rotation speed (r) was 2.0 rotations per second.
As mentioned earier, the sputtering gas pressure 
influenced the deposition rate also. As the gas pressure (PAr) 
was increased, the discharge current increased, but the mean 
free path was decreased. Figure 10 shows that the optimum 
pressure PAr was at about 2.5-3.0 mTorr. For the data shown in 
figure 10, the other parameters were controlled at constant 
conditions. The separation distance (d) between the target and 
substrate was 4.5 cm. The rotation speed (r) was 2.0 rotation 
per second.
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4.2 Influence of Ion-beam Hydrogenation Parameters
4.2.1 SIMS Results
Secondary ion mass spectroscopy (SIMS) permitted both 
depth profiling and content estimation of many contaminant 
elements as well as H. In SIMS, samples were bombarded by a 
high energy beam of ions which caused the outermost atom 
layers to be sputtered off, either as neutral or charged 
particles. They were then detected and identified in a mass 
spectrometer. The absolute concentrations of some elements in 
the samples could be obtained by measurement of the signal 
from standard samples.
The hydrogen depth profile in ion-beam hydrogenated a- 
Si:H was not uniform. This result is shown in Figure 11 which 
corresponde to a-Si0.6Ge0.4 hydrogenated under different 
hydrogen ion-beam energies and measured by SIMS hydrogen depth 
profiles. From these SIMS results, the uniform distribution of 
both silicon and germanium is obvious. The initial hydrogen 
content was less than 1 at. % in the film. The effects of 
deeper hydrogen penetration and higher total hydrogen content 
in the higher ion-beam energy case are also obvious in figure
11. Both samples CSM-426 and CSM-428 were deposited under the
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same sputtering conditions. They were bombarded with different 
ion beam energies. For sample # CSM-42 8, the ion beam energy 
was 800 eV, ion beam current was 30 mA, hydrogen pressure was 
6.8 X 10-4, bombardment time was 2 hours, and substrate 
temperature was 200°C. The content of hydrogen was about 10 
at. % near the surface of the sample, decreasing toward the 
inside of the sample until the interface between the a- 
Si0.6Ge0.4:H and the single crystal silicon substrate. The 
average hydrogen content of sample CSM-428 was 1.4 at.%. For 
sample # CSM-42 6, the ion beam energy was 1600 eV, and the 
other parameters were as same as those for sample # CSM-428. 
The content of hydrogen was about 30 at. % in the region of the 
first 100 nm from the surface of the sample, it then 
decreased toward the inside of the sample until the interface 
between the a-Si0.6Ge0.4: H and the single crystal silicon 
substrate. The average hydrogen content of sample CSM-42 6 was 
about 12 at.%.
In order to predict the depth of hydrogen penetration, a 
computer program (called TRIM by J. P. Biersack and J. F. 
Ziegler, IBM, Yorktown) was used to calculate the nuclear 
stopping energy loss (dEn/dX), the electronic stopping energy 
loss (dEe/dX), the projected range (X), and the longitudinal 
straggling (L) . The calculated results are listed in Table 4-
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1. In the ion energy range 600 to 2000 eV, the projected range 
and longitudinal straggling are very close. This means that 
most of the hydrogen is near the surface of the film. For 
example, at 1600 eV ion beam energy, the nuclear stopping 
power is 2.801E00 eV/Angstrom, the electronic stopping power 
is 2.146E-01 eV/Angstrom, the projected range is 279 Angstrom, 
and the longitudinal straggling is 230 Angstrom. From SIMS 
spectroscopy, the measured hydrogen depth was about one 
thousand Angstrom. The difference between the calculated 
projected range and the measured hydrogen depth is due to 
thermal diffusion.
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Table 4-1. Theoretical calculation of the stopping
energy loss, projected range, and longitudinal 











600 1.801 2.510E-1 80 124
700 1.931 2.480E-1 97 131
800 2.050 2.445E-1 114 137
900 2.162 2.408E-1 148 149
1000 2.267 2.369E-1 164 161
1100 2.366 2.331E-1 197 172
1200 2.461 2.292E-1 214 183
1300 2.551 2.225E-1 230 203
1400 2. 638 2.218E-1 247 212
1500 2.721 2.182E-1 279 220
1600 2.801 2.146E-1 295 230
1700 2.879 2.112E-1 311 239
1800 2. 954 2.079E-1 343 247
2000 3. 097 2.016E-1 380 263
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Figure 11 SIMS hydrogen depth profile of samples
hydrogenated using different ion-beam energies 
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4.2.2. The Sample Thickness Effects
The optical bandgap, calculated using the Tauc plot, of 
ion-beam hydrogenated a-Si:H as a function of sample thickness 
was studied. The samples varied in thickness from 195 to 1590 
nm and were hydrogenated under identical conditions. The 
properties of the samples after hydrogenation are listed in 
Table 4-2. The measured optical bandgaps and conductivity 
ratio were plotted against the sample thicknesses in Figure 12 
and Figure 13. These results agree qualitatively with the SIMS 
hydrogen depth profiling results about the nonuniform 
distribution of hydrogen in the ion-beam hydrogenated a-Si:H.
Since the hydrogen distribution is not uniform through 
the ion-beam hydrogenated films, the effective conductivity 
through the thickness should be calculated by the following 
integral:
I/O = I d (I/O)
since the absorption coefficient a(x) as a function of depth 
x is unknown, the light intensity I (x) related to a (x) is 
unknown too:
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I(x) = I0 * e“a(x,*x
We considered a simple model in which the integral for 
the total conductivity a was approxmimated by the summation:
1/0 = (E tj/Oi) / (E ti) i = 1, 2, 3.
The film was divided into three parts, tA is the thickness of 
each layer. The first part, with conductivity alt is near the 
surface of the film. This part had high hydrogen content and 
the hydrogen distribution was assumed uniform in this range. 
The second part, with conductivity o2, represents the range 
from 700 A 'to 4000 A. The average hydrogen content was used to 
calculate the conductivity in this range. The third part of 
the film represents the non-hydrogenated range. The calculated 
results of the conductivity ratio by this simple model are 
shown in Figure 13. The results are a little higher than the 
data. The reason for this is that a2 calculated by the average 
model is higher than the accurate conductivity of this part.
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Table 4-2. Properties of ion-beam-hydrogenated samples
with different thickness.
Sample Number CSM-2 6 CSM-27 CSM-28 CSM-2 9 CSM-30
Film Thickness 
(nm) 195 370 650 1090 1590
Optical Bandgap 
(eV)












6.8E4 1.5E4 4.2E3 1.2E3 4 . 8E2
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Figure 12. Optical bandgap of ion-beam hydrogenated a-
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Figure 13. Conductivity ratio of ion-beam hydrogenated a-
Si:H as a function of sample thickness.
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4.2.3 Material Removal Rates
The material-removal rate, R, during ion-beam 
hydrogenation for rehydrogenated a-Si has been reported [Tsuo 
et al. 1989] to be. dependent on both Eb and Jb. We also studied 
this material-removal rate for our sputter-deposited material. 
It was found that the rate R during ion-beam hydrogenation 
depends much more strongly on Jb than on Eb. For example, 
Figure 14 shows R as a function of Eb under a constant Jb of 
0.47 mA/cm2. The Eb varied from 600 to 1900 eV, but R changed 
only from 0.40 to 0.65 nm/min. Figure 15 shows R as a function 
of Jb under a constant Eb of 1900 eV. R increased by about a 
factor of six from 0.30 to 1.80 as Jb varied from 0.3 to 1.0 
mA/cm2.
In general, R is predicted to increase in proportion to 
Eb1/2 [Vossen and Kern] .
R = k*Eb1/2
where the constant k depends on the atomic numbers and masses 
of ion and target. For small ion mass and large target mass, 
this constant becomes very small. In our experiment, the mass 
of hydrogen ions compared to the masses of the target
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atoms of silicon and germanium is very small. From this model, 
the material-removal rate for the sputter-deposited material 
will change very slowly with ion-beam energy in the range of
0.6 to 2.0 KeV. Since the ion-beam current density (0.3-1.0 
mA/cm2) which we used was low enough to treat each ion 
collision with the material independently, the material- 
removal rate was proportional to ion-beam current density. 
This is the reason why rate R during ion-beam hydrogenation 
depends much more strongly on Jb than on Eb.
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Figure 14. Amorphous silicon material removal rate as a
function of ion-beam energy Eb for a fixed Jb. 




Figure 15. Amorphous silicon material removal rate as a
function of ion-beam current density Jb for a 
fixed Eb.
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4.3 Structure and Hydrogen Content
The hydrogen content (CH) in the films of a-Si:H and a- 
Si^xGexiH alloys and the partition of the hydrogen atoms among 
various bonding configurations are important parameters for an 
understanding of the electronic properties of both materials. 
Questions about structural homogeneity, optical bandgaps, and 
dangling bond densities are related to the hydrogen bonding 
properties. Information about hydrogen bonding in a-Si:H and 
a-Si^xGexiH can be obtained by infrared vibrational 
spectroscopy (IR) . The vibrational frequencies of hydrogen 
observed in these materials were interpreted in terms of the 
different modes.
For silicon monohydride bonding, Si-H, there are two 
features in the IR spectra corresponding to a bond stretching 
mode at 2000 cm-1 and a bond bending mode at 630 cm-1, (see 
Figure 6). Two other features represent germanium monohydride 
bonding, Ge-H, a bond stretching mode at 1880 cm"1 and a bond 
bending mode at 570 cm-1 (see Figure 7) . In Figure 16, the IR 
spectra is shown for various X values. The samples were 
hydrogenated under the same bombardment conditions. For X=0.00 
(that is a-Si:H without germanium), the IR spectrum shows the 
absorption at 2000 cm"1 corresponding to a bond stretching mode
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of silicon monohydride bonding Si-H and the absorption at 630 
cm-1 corresponding to a bond bending mode of silicon 
monohydride bonding Si-H. The total hydrogen content of this 
film was 10.6 at.% (calculated from the IR spectrum). There 
was no absorption at 8 90 and 840 cm-1 observed which indicated 
no silicon dihydride SiH2 even though silicon dihydride SiH2 
absorptions are seen quite often in GD, Photo-CVD, and 
reactive sputtering a-Si:H samples from IR spectra. As X 
increased, there appeared another absorption appeared at 1880 
cm"1 which corresponds to a bond stretching mode of germanium 
monohydride bonding Ge-H. The amplitude of this absorption 
peak increased bigger with increasing X. For the X=l.00 (this 
is a-Ge:H without silicon), the IR spectrum shows that the 
absorption at 2000 cm-1 corresponding to a bond stretching mode 
of silicon monohydride bonding Si-H totally shifted to 1880 
cm'1 which corresponds to a bond stretching mode of germanium 
monohydride bonding Ge-H. The absorption at 630 cm'1 shifted 
also to 570 cm'1, but this shift was too small to distinguish 
from the IR spectra. The hydrogen contents of all these 
samples were 8.5-10.8 at.%.
Two things could be noted from IR measurements. The first 
was that the hydrogen content was nearly independent of the X 
values, contrary to what was observed a-Si^xGexiH prepared by
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other methods. For example, it had been shown that a-Si^Ge^H 
prepared by glow discharge had a decrease in the total 
hydrogen content with increasing Ge content [Shimizu et al. 
1986]. The reason for this may be that, for our samples, the 
hydrogen was introduced into the films after deposition and 
then the total hydrogen content was independent of the 
deposition processing.
The second was that there were no absorptions between 8 90 
and 840 cm-1 observed which indicated no silicon dihydride 
SiH2, nor absorptions between 825 and 7 65 cm-1 observed which 
indicated the presence of no germanium dihydride GeH2. One of 
the probable reasons was that with our samples it was 
difficult to form dihydrate by way of ion-beam implanting of 
hydrogen in a-Si^Ge^H alloy. We used the low energy (lower 
than 2 KeV) hydrogen ion-beam to bombard the sample. Most of 
the hydrogen first entered the sample near the top surface as 
ions or atoms. Then they diffused toward the inside of the 
sample and bonded with silicon or germanium (this could be 
seen from the SIMS's hydrogen depth profile of a-Si^Ge^H by 
ion-beam hydrogenation). Since the detectability of dihydrides 
by our IR spectrometer is about 1 at. % in a-Si^Ge^H alloy, 
the other probable reason was that the dihydride hydrogen 
content was less than 1 at. % which was unobservible by our IR
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spectrometer.
The variation of the GeH fraction (F) at wavenumber 1880 
cm-1 in the a-Si^Ge* film is shown in Figure 17. F is defined 
as the fraction of GeH at 1880 cm-1 over the sum of SiH at 2000 
cm-1 and GeH at 18 80 cm"1 as measured by the areas under the 
IR-absorption peaks. As X increases, F increases with a slope 
of 1.0 ± 0.2. This suggests that hydrogen attaches with equal 
preference to silicon and germanium in the case of ion-beam 
hydrogenation. It has been reported that, for GD and Photo-CVD 
a-Si^Gex:H, there is a preferential hydrogen attachment to Si 
of about a factor of 10 (range 8-10) . As a consequence of the 
preferential attachment of hydrogen to silicon, relatively 
more defects in a-Si^Gex: H alloys are associated with 
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Figure 16. IR spectra for a-Si^Gex samples with various
X values. The samples were hydrogenated under 
the same bombardment conditions: Eb = 1600 eV, 
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Figure 17. Variation of GeH fraction with X. F is defined
as the fraction of GeH at 1880 cm'1 over the 
sum of SiH at 2000 cm"1 and GeH at 1880 cm"1. X 
is the germanium content.
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4.4 Optical and Photoelectric Properties
4.4.1 Comparison of the sample properties before and
after ion-beam hydrogenation
Typical properties of materials deposited in the RF 
sputter-deposition system are shown in Table 4-3. The a-Si 
sample (CSM-7-1) was deposited using 100 W RF power at the Si 
sputter source. The H, B, and Ge concentrations were estimated 
by SIMS and IR measurements. The a-SiB sample (CSM-24-2) was 
deposited using 100 W RF power at the Si sputter source and 60 
W at the B sputter source. The a-SiGe sample (CSM-17-1) was 
deposited using 100 W on a premixed Si-Ge target. The 
properties of these samples after ion-beam posthydrogenation 
are listed in Table 4-4. After hydrogenation, the hydrogen 
concentrations and optical bandgaps increased significantly in 
all three types of samples, and the a-Si and a-SiGe samples 
became highly photosensitive. However, the light-to-dark 
conductivity ratios were 1 to 2 orders-of-magnitude lower than 
those of similar materials made by other techniques. For 
example, the best light-to -dark conductivity ratios for a- 
Si:H and a-Si^Ge^H made by glow-discharge techniques are 
1.0E7 and 1.8E4 respectively [Tsuo and Luft 1990].
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B or Ge 
cont 
(at. %)
a-Si CSM-7 9.IE-6 - 1 1.50 <1.0
a-SiB CSM-24 5.2E-4 ~ 1 1.47 <1. 0 8.2
a-SiGe CSM-17 8.6E-4 ~ 1 1.12 <1.0 30.0
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B or Ge 
con.
(at. %)
a-Si CSM-7 7.8E-5 1.5E5 1.72 10.2 —
a-SiB CSM-24 7.6E-2 - 1 1.51 8.4 8.2
a-SiGe CSM-17 1.6E-6 1.5E3 1.47 4.6 30.0
a iiT iiiia  l / hees l ib r a r y
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4.4.2 Effects of germanium concentration
Optical absorption studies in amorphous silicon germanium 
alloys were mainly focused on two aspects. The first was the 
composition dependence of the optical bandgap, to choose the 
a-Sii_xGex:H concentration X to match the absorption of this 
material to the solar emission spectrum is a basic requirement 
for the design of efficient solar cells. The second was the 
alloying induced changes in the localized defect state 
distribution. This was related to the photosensitivity of the 
alloy.
The Table 4-5 and Figure 18, 19, and 2 0 show how the
germanium content X affects the properties of the a-Si^Gex- 
From Figure 18, we can see that the optical bandgap decreased 
as the germanium content increased. At zero germanium content, 
that is for pure a-Si:H, the optical bandgap was about 1.72 
eV, and at X=100% , that is for pure a-Ge:H, the optical
bandgap was about 1.08 eV. For the X changing from zero to 
about 60%, the photoconductivity decreased with increasing X, 
and photosensitivity also decreased with increasing X.
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Table 4-5. The germanium content X effects the properties







CSM-524 0.00 2.2E-5 1.4E4 1.72
CSM-530 0.28 4.7E-6 5.3E2 1.54
CSM-710 0.42 9.2E-6 2.2E1 1.48
CSM-712 0.52 4.3E-6 7.0E0 1.34
CSM-716 0.61 8.4E-6 7.0E0 1.20
CSM-718 0.70 5.0E-6 2.5E0 1.15
CSM-724 0.80 2.4E-5 1.0E1 1.11
CSM-725 1.00 1.8E-4 1.4E2 1.08
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Ratio of a-Si^Ge^H.
T-3942 97
5. THESIS SUMMARY AND CONCLUSIONS
This thesis has discussed the properties of ION-BEAM- 
HYDROGENATED RF-SPUTTER-DEPOSITED AMORPHOUS SILICON AND 
AMORPHOUS SILICON-GERMANIUM ALLOYS- Based on the results of 
the thesis, the following conclusions can be made:
The first is that for optimizing the two source rf 
sputtering conditions for unhydrogenated amorphous silicon- 
germanium (a-Si]_xGex) , some of related problems about the
deposition parameters have been studied. The properties of the 
films deposited by this sputtering system are dependent upon 
such parameters as the power of each power source, substrate 
rotation speed, sputtering gas pressure, and the target 
material. All other things being equal, the deposition rate 
are almost linearly proportional to power and decrease with 
increasing target substrate separation. The sputtering gas
influences deposition rate in a different way. The deposition
rate is a maximum for gas pressure at 2.5-3.0 mTorr. The
uniformity was mainly controlled by matching the power, target 
substrate separation distance and substrate rotation speed. In 
our Rf sputter system, experiments show that the silicon 
deposition rate is higher than the germanium deposition rate 
under the same conditions for different targets.
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The second result is that the independently controllable 
parameters in the ion implantation process including the ion- 
beam energy (Eb) , the ion-beam current density (Jb) , and the 
ion bombardment time (t) et al. have been studied. The 
material-removal rate depends much more strongly on ion-beam 
current density (Jb) than on ion-beam energy (Eb) . SIMS 
hydrogen depth profiles show that the hydrogen depth profile 
in ion-beam hydrogenated a-Si:H is not uniform. From SIMS 
results, the uniform distribution of both silicon and 
germanium is obvious. The initial hydrogen content is less 
than 1 at. % in the film. The effects of deeper hydrogen 
penetration and higher total hydrogen content in the higher 
ion-beam energy case are also obvious.
The third conclusion is that from IR measurements, the 
hydrogen contents bonding forms are nearly independent of the 
X values, contrary to what is observed in a-Sii_xGex:H prepared 
by other methods. The reason for this may be that, for our 
samples, the hydrogen was introduced into the films after 
deposition in which case the total hydrogen content is 
independent of the deposition conditions. For Photo-CVD or GD 
samples, the hydrogen contents bonding forms are strongly 
dependent of the deposition conditions. There are no 
absorptions between 8 90 and 84 0 cm"1 observed which indicate
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the absence of silicon dihydride SiH2 bonds, and neither were 
absorptions between 825 and 7 65 cm’1 observed which indicate 
the absence of germanium dihydride GeH2 bonds. One of the 
probable reasons is that with our samples it is difficult to 
form dihydrate bonds by ion-beam implantation hydrogen in a- 
Sij^Gex alloy. Since for ion-beam implantation hydrogen in a- 
Si^xGex alloy, the bond structures of SiH2 and GeH2 are more 
difficultly formed than those of SiH and GeH.
The suggestions for future work on ION-BEAM-HYDROGENATED 
RF-SPUTTER-DEPOSITED AMORPHOUS SILICON AND AMORPHOUS SILICON- 
GERMANIUM ALLOYS:
*
1. To make the hydrogen distribution more uniform by 
controlling the substrate temperature or hydrogenating 
layer by layer.
2. The experimental data had shown equal preferene for 
hydrogen attachedment to silicon and germanium in the 
case of ion-beam hydrogenation of a-Sii.xGexrH. Suggested 
work for the future is to increase the total hydrogen 
content in a-Si^Ge^H and to check for the appearance of 
the dihydrogenated forms of silicon and germanium.
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3. The conductivity of a-SiB increased by more than two 
orders of magnitude after hydrogenation for the sample 
shown in Table 4-2 and Table 4-3. This preliminary work 
should be extended to study the effects of ion-beam 
hydrogenation on doping efficiencies. Boron doping of a- 
Si:H alloys by RF sputter deposition is easier than by 
GD and Photo-CVD. If the doping efficiency can be 
improved by ion-beam hydrogenation and if the optical 
properties are good enough, then this method may be 
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